C . In spite of years of research the exact function of this protein remains enigmatic. Numerous binding partners have been identified for PrP C and due to the presence of a repeated sequence of PHGGGWGQ in the proteins amino-terminus it can bind metal ions. The protein is a complex molecule and each portion of PrP C possesses different roles for function and/ or trafficking. As understanding the role of PrP C is central to these disorders the structure/function relationship will be reviewed here.
Introduction
Prion diseases or TSEs are a group of neurodegenerative disorders caused by the notorious prion. These diseases include Scrapie and Bovine Spongiform Encephalopathies (BSE) in animals, and CreutzfeldtJakob disease (CJD), Gerstmann-Sträussler-Scheinker syndrome (GSS) and Fatal Familial Insomnia (FFI) in humans [44, 45] . Although forms of these disorders have been around for centuries it wasn't until the early nineteen eighties that complete insight into the causative agent was obtained. The agent was reported to be a protein and it was devoid of any genetic constituents, it was termed the prion protein [45] . Adding to the unusual nature of TSEs is the origin of these diseases, which can be sporadic, infectious or genetic. During the disease process conformational alteration of the normal endogenous prion protein, PrP C , to the disease related structural isoform, PrP Sc , is believed to occur [46] . However, as disease manifesta-tion can occur in the absence of detectable PrP
Sc [25] and in vitro converted PrP has not yet been shown to be infectious [16] , additional factors may be involved. Co-factors for the conversion have included an unidentified protein molecule termed "protein X" [22] and RNA molecules [10] . PrP C is on the other hand essential for disease presentation [6] consequently the etiology of TSEs has been proposed to relate to a loss of function of PrP C . The actual function of PrP C is still up for debate. PrP C 's metal binding properties has lead to proposals that the protein has a role in metal metabolism [24] and consequently acts in regulating oxidative stress [50] . Adding to its functional roles are PrP C s reported interaction partners which include; 1: Laminin, which is important in neuronal cell adhesion and maintenance [14] ; 2: the cell surface laminin receptor (LRP), which is a 37/67 KDa protein and is essential for PrP Sc propagation but also for maintaining PrP C levels [13] ; 3: the Stress inducible protein (STI1), modulation of the interaction between PrP C and this 66 KDa ligand affects programmed cell death [68] ; 4:Glycosylaminoglycans, which modulate the conversion process [66] ; 5: Caveolin; its association with PrP C has been related to activation of Fyn tyrosine kinase [38] . This latter finding was one of the first to demonstrate a possible role for PrP C in signal transduction.
Loss of ligand/metal binding during the disease process may be responsible for TSEs, but a gain of abnormal function for PrP C , or for an intermediate between PrP
C and PrP Sc , PrP*, may also be plausible. Although proteinase resistant PrP Sc is not always found an intermediate non-proteinase K resistant PrP, may also act as a toxic molecule. Biochemical differences exist between PrP C and PrP Sc and include detergent insolubility and proteinase K resistance [40] . But more importantly for a gain of abnormal function is that the isoforms differ in metal binding properties [51] , additionally, apo-PrP C and PrP Sc , unlike metal bound PrP C , can bind plasminogen and can stimulate the generation of plasmin [11] . As the function of PrP C would appear important in the understanding of TSEs, and different regions of PrP C elicit different functions or trafficking for the protein in the cell, the structure function relationship will be discussed here.
The Prion protein and its transportation

PrP
C is a membrane bound glycoprotein of 253 amino acid residues in length that is attached via its glycosyl-phosphatidylinositol (GPI) anchor to the cell surface [32, 55] . The carboxyl terminus (C-terminus) is highly structured and possesses two sites for glycosylation at asparginine residue 181 and 197 (Fig. 1) . Cysteine residues 179 and 214 act as sites for PrP C 's disulfide bridge [67] . This bridge is important in structure maintenance and the redox state of the cysteine residues appear to influence the rate of abnormal conformational change [26] . Also in the C-terminus is a conformational epitope, formed by amino acid residues 168,172,215 and 219 [43] , that is reported to facilitate interaction of PrP C to PrP Sc either directly or indirectly, and confers dominant negative inhibition. A conserved cleavage site exists around amino acid position 110/111 and proteolysis here destroys the amyloidogenic region of the protein that spans from amino acid 106 to 126 [58] . Much attention has focused on PrP C 's amino terminus (N-terminus), which in the apoprotein appears to lack any given structure [67] . This region of PrP C contains a series of octapeptide repeats, with the given consensus sequence PHGGGWGQ, that have been implicated in the binding of metal ions [5] . PrP C itself can adopt different topological forms that include SecPrP, NtmPrP and CtmPrP. SecPrP is the fully translocated form of PrP, whereas both NtmPrP and CtmPrP are transmembrane forms [15, 56] . For NtmPrP the N-terminus faces inwards into the Endoplasmic reticulum (ER) lumen and CtmPrP is positioned in the opposite direction. Ntm and Ctm PrP are normally only produced in minute levels. However, CtmPrP has been proposed to be an alternative pathogenic form in genetically linked cases of TSEs where proteinase resistant PrP
Sc is not detected. During synthesis of PrP C the protein is subject to a number of post-translational modifications resulting in the mature protein. Direction of the protein to the ER by its 22 amino acid N-terminal signal sequence results in cleavage of the N-terminal signal peptide along with removal of a 23 amino acid C-terminal signal during which a GPI anchor is added. Asn-linked oligosaccarides are also attached in the ER and these saccharides are further modified in the Golgi network to become endoglycosidase H resistant. The GPI anchor, which is modified by the addition of sialic acid in the Golgi compartments, facilitates the trafficking of PrP C to the cell surface where endocytosis can occur [53] .
Functional aspects of PrP C s Carboxyl-terminus
Correct transport of PrP C is essential for correct processing of PrP C , for conversion to PrP Sc and most likely for maintenance of PrP C s function. Many of the elements influencing PrP C trafficking can be found in the C-terminus of PrP C and include its GPI anchor and the saccharides attached to PrP C in the ER. The functions of GPI anchored proteins are quite diverse ranging from cell adhesion to signalling [33] . For PrP C its GPI anchor is fundamental in transportation of PrP C to the cell membrane and for correct glycosylation [61] . Cell surface expression is believed essential for the conversion process and lack of correct GPI cell attachment can redirect PrP C to clathrin coated pits from caveolae-like domains preventing PrP Sc formation [21] . Recently it was reported that PrP C could be transferred between cells in a GPI anchor dependent manner a process that requires cell to cell contact [29] . This lends to a signalling role for PrP C and also to a mechanism where by PrP
Sc could be transported within the body on infection.
Lack of anchorage of PrP C also reduces glycosylation of the protein [61] , which can exist as an unglycosylated, monoglycosylated and/or diglycosylated molecule. Glycosylation has a number of roles for a protein, but for PrP C its effect on determining the globular structure of the protein would appear vital. Strain diversity is impacted on by the ratios of PrP C glycoforms [9] , this diversity may also be contributed to by . PrP C is a GPI anchored protein that possesses two sites for glycosylation in the Carboxyl-terminus at amino acid residues 181 and 197, these sites are surrounded by PrP C s sole disulfide bridge. Going towards the amino terminus of PrP C is the conserved cleavage site, proteolysis here results in a carboxyl terminal fragment termed C1. PrP C also has a series of octapeptide repeats each with the given consensus sequence P(Q/H)GGG(G/-)WGQ and this region has been implicated in the binding of metal ions.
the complexity of PrP C glycosylation. Until recently, PrP C was seen simplistically to exist as a few simple glycoforms but, 2-D electrophoresis experiments have demonstrated glycosylation of PrP C to be much more complex [41] . PrP C glycoforms differ in sialyated structures and in fructose and mannose content; such variations could have functional as well as structural implications. Glycosylation would appear to impede the conversion and the favoured form of PrP C for conversion is its unglycosylated form [23] . Although never detected naturally in PrP C , O-linked saccarides at serine 135 inhibits amyloid formation whereas at serine 132 an opposite effect is seen [7] . Inherited forms of TSEs have also been linked to abolishment of glycosylation and ablation of glycosylation affects both transportation and the normal biochemical properties of PrP C [28] . Mutations removing the glycosylation sites at Asn 182 and 196 in mouse PrP C results in biochemical properties that are similar to PrP Sc , proteinase K resistance and abnormal detergent insolubility. For Asn 182 this also leads to the blockage in transportation to the cell surface [28] .
The PrP C structure is also stabilised by its disulfide bridge as it connects two long helices [67] , but the stability of this linkage is affected by glycosylation. Studies with PrP peptides reported that N-linked gylcans at Asn 181 promote intermolecular disulfide formation, but more importantly in doing so reduce the rate of protein fibrilisation [2] . Glycosylation could similarly stabilise the full length protein. As with glycosylation, maintenance of the intermolecular disulfide bridge would appear to inhibit the abnormal conversion. Reduction of the cyteine residues could lend flexibility to the protein favouring conformational change.
This can be supported by reports showing that a reducing environment can promote PrP
Sc generation [18, 27, 30] . The study by Welker et al., would indicate that the conversion can however, occur without disulfide exchange in cell free conversion [63] . More and more evidence would now indicate that the redox state of the Cys residues is determining factor in the conversion mechanism.
Functional aspects of PrP C s amino-terminus
When considering PrP C s function most attention has focused on its N-terminus. The octapeptide repeat region binds divalent metal ions via the repeated histidine residues [5] . Binding of copper (Cu) and zinc is reported to enhance endocytosis of PrP C [42] . However endocytosis also occurs independently of copper induction. Recently work focusing on amino acid residues 23-51 has demonstrated an intrinsic sorting function for this region of PrP C [39] . Deletion of the span of amino acid residues 23-51 reduced endocytosis efficiency but also affected the secretory pathway after the mid-golgi compartment [39] . The region 23-90 is also sufficient to facilitate raft localisation, and fusion of this region to a non-transmembrane anchored protein can allow for the raft positioning of the protein [62] .
For PrP C the binding of metal ions by the N-terminus has led to a number of proposals for the function of PrP C . The role of PrP C in copper metabolism is controversial. Certain studies have lead to a revaluation of the link between PrP C and copper metabolism [60] . Rachidi et al., recently demonstrated that PrP has no influence on copper delivery at physiological concen-trations of Cu [48] . However the role of metal ions in prion diseases cannot be easily dismissed. Metal ions directly effect PrP C structure [34, 47, 65] and possibly strain variation [59] . Copper chelation can delay onset of symptoms in prion infected animals [54] . Aggregation of the toxic fragment PrP106-126 is dependent on metal ions as is its toxicity [20] . Copper treated PrP C results in a PrP Sc like protein, which although biochemically similar to PrP Sc , is structurally different to authentic PrP Sc as antibody interaction patterns differ between the two protein types [65] . Manganese (Mn) can convert PrP C to a protease resistant conformation [4] . Such binding of Mn by PrP C was thought to occur at the repeat region however, from peptides studies it would appear that Mn cannot bind to the repeats [12] . Due to co-operative binding these peptide studies may not reflect what actually happens in full length PrP C . The saturated 5 µM binding of Cu to PrP C reported [19] would argue for a role of PrP C in copper metabolism as the exchangeable copper pool is about 8 µM. In the past Cu binding studies have resulted in disagreements as to the number of Cu ions bound by PrP C and these ranged from 1.8 to 5.6 moles Cu/mole PrP C [3, 57] . As metal binding is dictated by the pKa of the amino acid involved, the varied results may be explained by the varied pHs chosen for the individual experiments [37] . Binding is co-operative and recent reports have now shown the Cu binding motif to fold up co-ordinately within multiple repeats, and this co-ordination requires His-Gly and Pro for its maintenance [12] . A second tight copper site also exists outside the repeat region at His 96 and 111 of HuPrP [19] .
For PrP C if it is involved in copper metabolism then its role may be to modulate a redox signalling process. The superoxide radical can be dismutated by PrP C [3] in a manner similar to that of the Superoxide Dismutase (SOD) enzyme, however, more recent reports failed to detect SOD activity for PrP C in vivo [17] . The superoxide radical can also cleave PrP C into the repeats in a copper dependent manner [35] . Although copper is an essential redox transition element through the Fenton reaction it can promote the generation of reactive oxygen species (ROS). Under conditions of oxidative stress, where ROS levels are elevated, PrP C is cleaved into the octapeptide repeats [35] . Although PrP C has a conserved cleavage region at 111/110, fragments of 27-30 KDa species as revealed by Chen et al. [8] would indicate that cleavage of PrP C can occur physiologically into the repeat region without cleavage of the conserved cleavage site.
The role of ROS cleavage for PrP
C is unclear. It may play a part in PrP Sc formation, in Cu regulation, or in a PrP C -dependent signalling pathway. For a role in PrP Sc formation, ROS cleavage of PrP C occurs into a region similar to the abnormal cleavage region for PrP
Sc . Oxidation also leads to extensive aggregation and precipitation of recombinant PrP [49] . With age, ROS levels increase [1] , as evidence would indicate that oxidative stress plays a role in TSEs [36] and phenotypic expression of certain TSEs increases with age, this would also point to a role for ROS in PrP If ROS N-terminally truncated PrP C is allowed to build up to sufficient levels then it may lead to cellular death through a mechanism similar to that proposed by Shermling et al. [52] . Zurich Prnp o/o mice expressing amino-terminally truncated PrP C led to a number of abnormalities that were reversed on re-introduction of a single PrnP allele. Shermling et al. [52] proposed that both PrP C and a hypothetical molecule termed π compete, via their C-terminus, for a primary site on a ligand on an adjacent cell, and this then facilitates the binding of the N-terminus of either of these molecules to a secondary site on the same ligand, this secondary binding was hypothesised to elicit a cell survival signal [52] . It was proposed that PrP C had a higher affinity than π for the ligand and that lack of secondary attachment due to the absence of PrP C 's N-terminus results in cell death. Westaway et al., reported animals over expressing wild type PrP C to develop ataxia with age [64] . It is possible that the production and build up of truncated PrP C in the aged animal may have been responsible.
Conclusion
The prion protein is a complex entity-although numerous binding partners have been found for the protein its function still remains unclear. Each portion of the protein has its own functional properties. The GPI anchor, which is important in transport, influences correct glycosylation which in turn can affect the redox state of the Cys residues. Binding of Cu to the N-terminus affects the C-terminal structure and can induce an abnormal conformation. Also the N-terminus has in itself a transportation motif. As oxidative stress cleavage of PrP C would interfere with this transportation motif, ROS cleavage would have the potential to affect not only the transportation of PrP C to the cell membrane but also the endocytosis of the protein.
Although PrP
C s function is not yet clear, it is evident that correct transportation and processing are part of the key to the conversion process. If the processing mechanism in the cell is malfunctioning PrP toxic molecules can build up. Under normal circumstances misfolded proteins are retro-translocated from the ER to the cytosol and eventually are degraded by the proteasome. For PrP, inhibition of the proteasome forces the expression of a neurotoxic cytosolic form of PrP [31] . Consequently it can be inferred that abnormal PrP could be produced normally, but the proteolytic machinery must be working properly to eliminate the abnormal protein. PrP C has a conserved cleavage site at amino acid residue position 111/110, which yields the carboxyl terminal C1 fragment. This cleavage destroys the amyloidogenic region of PrP C . This 106-126 portion of PrP C is left untouched when sole cleavage occurs closer to the octapeptide repeats resulting in a longer C2 fragment. Forcing the cells machinery to eliminate the 106-126 portion of PrP C could potentially slow the conversion process. Enhancement of C1 proteolytic cleavage and reduction of C2 proteolytic and/or ROS processing could facilitate this and lead us further in the understanding of the processing of PrP C .
